Coronary artery calcification (CAC) and common carotid artery intima-media thickness (CIMT) are measures of subclinical vascular disease. This 2000-2006 study aimed to characterize the associations among coronary artery disease risk factors, CAC quantity, and CIMT and to estimate shared genetic and environmental contributions to both CAC and CIMT among 478 asymptomatic Amish adults in Lancaster County, Pennsylvania. Heritability for CAC quantity and CIMT, adjusted for age and sex, was 0.42 (P ¼ 0.0001) and 0.29 (P ¼ 0.003), respectively. CAC quantity and CIMT were modestly correlated (adjusted r ¼ 0.14, P ¼ 0.003) but showed little evidence of shared genetic or environmental factors. However, significant genetic correlations were found for CAC quantity and total cholesterol (0.44 (standard error, 0.19); P ¼ 0.03), for CAC quantity and low density lipoprotein cholesterol (0.55 (standard error, 0.17); P ¼ 0.005), and for CIMT and waist circumference (0.58 (standard error, 0.25); P ¼ 0.046), suggesting shared genes for these risk factors and measures of subclinical disease. Results suggest that some of the same genes influence variation in CAC and low density lipoprotein cholesterol, whereas a different set of genes influences variation in CIMT and waist circumference. atherosclerosis; calcification, physiologic; carotid arteries; coronary vessels; genetics; risk factors; vascular diseases Abbreviations: CAC, coronary artery calcification; CIMT, carotid artery intima-media thickness; SE, standard error.
Coronary artery calcification (CAC) and common carotid artery intima-media thickness (CIMT) are noninvasive markers of subclinical vascular disease. Presence and quantity of CAC, as detected with computed tomography, are associated with coronary artery disease risk factors (1) and are predictive of future coronary artery disease events (2, 3) . Likewise, in several prospective, population-based studies (4) (5) (6) , CIMT, as measured by B-mode ultrasound, has been shown to predict coronary artery disease events.
Although CAC and CIMT both reflect presence of subclinical vascular disease, development of atherosclerosis is not uniform across different anatomic sites (7) . Moreover, deposition of calcium in the coronary arteries and thickening of the carotid arterial wall may be influenced by overlapping sets of environmental and genetic risk factors. Understanding how these various factors differentially influence development of these 2 markers of subclinical atherosclerosis may provide important insights into interindividual variation in the development of coronary artery disease.
CAC quantity and CIMT have rarely been measured concurrently in the same individuals in a research setting, and the relation of these measures to each other and the degree to which they share risk factors are not clear (8, 9) . The purposes of this study were to characterize the relation between CAC quantity and CIMT, to compare and contrast associations of both with coronary artery disease risk factors, and to estimate the shared genetic and environmental contributions to variation among CAC quantity, CIMT, and coronary artery disease risk factors. Thus, we measured CAC and CIMT in the same subjects from an Old Order Amish population from Lancaster County, Pennsylvania. This population is well suited for such a study because the Amish have a socially and culturally homogeneous lifestyle, use prescription medications relatively sparingly, and experience low rates of smoking.
MATERIALS AND METHODS

Subjects
Subjects were identified from 2 studies of cardiovascular health in the Old Order Amish community in Lancaster County: the Amish Family Calcification Study (2001) (2002) (2003) (2004) (2005) (2006) and the Amish Longevity Study (2000) (2001) (2002) (2003) (2004) (2005) (2006) . The Amish Family Calcification Study was initiated in 2001 to identify determinants of vascular calcification and to evaluate the relation between calcification of bone and vascular tissue in the Old Order Amish community. Subjects were initially recruited into that study on the basis of their participation in an earlier family study of bone mineral density (10), although recruitment guidelines were later modified to allow other interested individuals in the community and their relatives to participate. Recruitment efforts were made without regard to coronary artery disease health status, and extensive analyses revealed no statistically significant correlations in Amish Family Calcification Study participants between bone mineral density and CAC or CIMT after accounting for age and sex ((11) and unpublished data). Women who were pregnant or lactating were not eligible to participate. The Amish Longevity Study was initiated in 2000 to identify the genetic factors associated with living to an old age (12) . Subjects recruited into that study included Amish individuals living to age 92 years or older, their offspring, and the offspring's spouses. The individuals included in the present analysis were men aged 40 years or older and women aged 50 years or older who were examined to measure CAC quantity and CIMT in either the Amish Family Calcification Study (n ¼ 216) or the Amish Longevity Study (n ¼ 262).
Study protocols were approved by the institutional review boards of the University of Maryland and other participating institutions. Informed consent, including permission to contact relatives, was obtained before subjects participated.
Assessment of coronary artery disease risk factors
All study subjects underwent clinical examination at the Amish Research Clinic in Strasburg, Pennsylvania, including assessment of potential coronary artery disease risk factors and a medical history interview. Following an overnight fast, participants' height and weight were measured with a stadiometer and calibrated scale with their shoes removed and wearing light clothing. Body mass index (weight (kg)/ height (m)
2 ) was calculated. Waist circumference (centimeters) was measured at the umbilicus. Systolic (first phase) blood pressure and diastolic (fifth phase) blood pressure were obtained in triplicate with a standard sphygmomanometer, and blood pressure was defined as the mean of the second and third measurements. Pulse pressure was defined as the difference between mean systolic blood pressure and diastolic blood pressure. Medication lists were obtained at the participants' homes by a study nurse. Smoking habits (current smoker or not) were recorded by questionnaire.
Blood samples were obtained for determination of fasting glucose and lipid levels. Glucose concentrations were assayed with a YSI glucose analyzer (YSI Incorporated, Yellow Springs, Ohio) by using the glucose oxidase method. Lipid and high density lipoprotein cholesterol concentrations were assayed by Quest Diagnostics (Baltimore, Maryland). Low density lipoprotein cholesterol levels were calculated by using the Friedewald equation (13) . Diabetes mellitus was defined as a fasting glucose level of !126 mg/dL or use of antidiabetic medications (14) .
Assessment of subclinical atherosclerosis
Electron beam computed tomography scans were performed with an Imatron C-150 Ultrafast CT scanner (Imatron Inc., South San Francisco, California) in Timonium, Maryland, as previously described (15) . CAC was quantified by using the Agatston method (16) . Presence of detectable CAC was defined as a density of >130 Hounsfield units in more than 3 contiguous pixels (>1 mm 2 ). The sum of scores in the left main, left anterior descending, circumflex, and right coronary arteries was considered the CAC score. All scans were scored by an experienced cardiologist using AccuImage (AccuImage Diagnostic Corp., San Francisco, California) software. Interscan reproducibility for CAC quantity with this software ranges from 89% to 94%, with interreader and intrareader reproducibility each about 99% (17, 18) .
High-resolution B-mode ultrasound was carried out to image the right and left common carotid arteries. CIMT was measured between lumen intima and media-adventitia interfaces of the far wall of the common carotid arteries (the 1-cm segment proximal to the bifurcation) by a single reader using an automated edge detection system. Mean CIMT of this 1-cm segment was measured on 2 separate images of the left and the right common carotid artery at the peak of the R wave on a simultaneous electrocardiogram tracing. The mean of these 4 measurements was used as the CIMT. Interscan reproducibility for CIMT was 89% with this software, and the interreader and intrareader reproducibilities were 97% and 98%, respectively.
Statistical analyses
The sample for this study was restricted to men aged 40 years or older and women aged 50 years or older because prevalence of detectable CAC is low in younger individuals. This restricted data set included 478 subjects with CAC measurements, 446 (93.3%) of whom also had CIMT measurements. Distributions of CAC score, CIMT, waist circumference, triglycerides, high density lipoprotein cholesterol, and low density lipoprotein cholesterol were positively skewed, so these measures were natural log-transformed. CAC score was log-transformed after adding 1. Hereafter, we refer to this transformed CAC quantity as ln(CAC score þ 1).
We assessed the association between each coronary artery disease risk factor and high levels of CAC and CIMT by classifying subjects according to whether their CAC (or CIMT) measurements were in the upper 20th percentile of the distribution. The distributions of CAC quantity (and CIMT) were first residualized by regressing out effects of age, age 2 , sex, age 3 sex, and age 2 3 sex on each trait. This step enabled comparison of associations between each risk factor and having high CAC levels versus its association with having high CIMT. Associations between coronary artery disease risk factors and the presence of high CAC and CIMT levels (as defined above) were expressed in terms of odds ratios, constructed by using regression models that modeled the difference in levels of coronary artery disease risk factors as the independent variable and being in the top quintile of the CAC quantity (or CIMT) distribution as the dependent variable. These regression analyses, based on a threshold model for discrete traits, were carried out under a variance component framework (described below) in which the odds ratios were estimated while jointly considering correlations between related study subjects.
We exploited the fact that study subjects were related to one another to estimate the additive genetic effects (heritability) on both traits. We partitioned total variance in ln(CAC score þ 1) and lnCIMT into effects attributable to measured risk factors (e.g., body mass index), additive genetic variance (estimated from the covariance among the relatives), and a residual environmental effect corresponding to unexplained phenotypic variation. Heritability corresponds to the proportion of the trait variance attributable to additive genetic effects after accounting for effects of measured risk factors. The residual variance unaccounted for by measured risk factors and (unmeasured) additive genetic factors corresponds to the residual environmental variance or the proportion of the variance attributable to unmeasured environmental factors, including measurement error. These analyses were simultaneously adjusted for effects of age, age 2 , and sex (and interactions of age terms with sex). We used maximum likelihood methods to estimate risk factor and genetic effects simultaneously, and we assessed significance of specific factors by comparing the likelihood of a model containing the factor of interest with that of a model in which the value of the factor of interest was constrained to zero (19) . Full and restricted models were then compared by using a likelihood ratio test, producing a test statistic that is asymptotically distributed as a 1/2:1/2 mixture of a v 2 variable with 1 df and a point mass at zero (20) . This step was performed by using the SOLAR software program (21) . We extended the analyses described above to a bivariate analysis to estimate potential shared, unmeasured genetic and environmental effects on the joint distribution of each risk factor and ln(CAC score þ 1) or lnCIMT, and between ln(CAC score þ 1) and lnCIMT. To improve computational analysis efficiency, we used age-and sex-adjusted residualized ln(CAC score þ 1) and lnCIMT values. The joint trait variance was divided into components attributable to additive genetic effects and residual environmental effects (as previously described) and also to components corresponding to the degree to which shared genetic and environmental factors influence distribution of the traits (22, 23) . For example, the genetic correlations can be interpreted as a measure of the degree of pleiotropy between 2 traits. The hypothesis of any pleiotropy was evaluated by a likelihood ratio test, calculated as the difference in À2 3 ln likelihoods between a restricted model (where the genetic correlation value ¼ 0, indicating no genetic correlation) and an unrestricted model (where all parameters are estimated).
RESULTS
The final sample of 478 study subjects included individuals from 279 sibships, of which 96 included multiple siblings (range: 2-9 siblings) and 183 included only a single individual. Additional relationship types were identified by linking study subjects into larger pedigrees through their unexamined (or examined) parents. Doing so resulted in 88 larger pedigrees with multiple examined individuals (range: 2-11 individuals) and representing 421 sibpairs, 39 parentoffspring pairs, 60 avuncular pairs, and 26 first-cousin pairs.
Characteristics of study subjects are shown in Table 1 . Thirty-four (7.1%) subjects had a history of a prior cardiovascular disease event. Use of antidiabetic (1.1%), cholesterollowering (4.5%), and blood-pressure-lowering (4.3%) medications was low in this study. Men were younger than women, presumably because of the differential study inclusion criteria. Mean body mass index was higher in women than in men. Despite their younger age, men were more likely than women to have detectable CAC (67.0% vs. 57.0%) and had higher median CAC scores (37.9 vs. 4.1). After adjusting for age and age 2 , we found that men also had higher median lnCIMT than women did. Table 2 summarizes associations between coronary artery disease risk factors and high levels of CAC or CIMT. The odds ratios shown reflect the percentage increase (or decrease) in the odds of being in the upper quintile of the CAC or CIMT distribution (after adjustment for age and sex) for a specified change in a given coronary artery disease risk factor. As indicated in this table, a 3-kg/m 2 increase in body mass index and a 5-cm increase in waist circumference were associated with 16%-20% increases in the odds of having high CIMT (16% increase for waist, 20% increase for body mass index; P 0.0001 for both risk factors) but only a 5%-6% increase in the odds of having high CAC (P > 0.15 for both risk factors). Similarly, increases of 10 mm Hg in systolic blood pressure and diastolic blood pressure and of 5 mm Hg in pulse pressure were associated with 11%-12% increases in the odds of having high CIMT (P 0.001 for systolic blood pressure and pulse pressure) but only 7%-8% increases in the odds of having high CAC (P ¼ 0.03-0.33). In contrast, higher total cholesterol and low density lipoprotein cholesterol were strongly associated with high CAC but not high CIMT. For example, 10-mg/dL increases in low density lipoprotein cholesterol and total cholesterol were associated with 6%-8% higher odds of having high CAC (6% for total cholesterol and 8% for low density lipoprotein cholesterol; P < 0.001 for both) but only a 1%-2% increase in the odds of having high CIMT (P > 0.25 for both). The odds associated with a 5-mg/dL increase in high density lipoprotein cholesterol were nearly equivalent for both high CAC (5% decreased odds; P ¼ 0.02) and high CIMT (6% decreased odds; P ¼ 0.008).
Age and sex (including age, age 2 , and their interactions with sex) accounted for 31% and 19% of the total variation in ln(CAC score þ 1) and lnCIMT, respectively. Heritability of ln(CAC score þ 1), adjusted for age, age 2 , sex, and their interactions, was 0.42 (standard error (SE), 0.13) (P ¼ 0.0001). Adding body mass index, waist circumference, or any blood pressure measurements altered this estimate only slightly (adjusted h 2 ¼ 0.39-0.46) (Figure 1 ). In contrast, heritability of ln(CAC score þ 1) was reduced by adjustment for either total cholesterol (h 2 ¼ 0.34) or low density lipoprotein cholesterol (h 2 ¼ 0.32) (Figure 1) . Heritability of lnCIMT, adjusted for age, age 2 , sex, and their interactions, was 0.29 (SE, 0.12) (P ¼ 0.003) (Figure 2 ). This estimate changed little with additional adjustment for any of the body size or lipid measures (h 2 ¼ 0.27-0.32) or additional adjustment for blood pressure measures (e.g., h 2 ¼ 0.25 with additional adjustment for systolic blood pressure).
The genetic correlations were high between ln(CAC score þ 1) and both total cholesterol (q gene ¼ 0.44 (SE, 0.19); P ¼ 0.028) and low density lipoprotein cholesterol (q gene ¼ 0.55 (SE, 0.17); P ¼ 0.005) ( Table 3 ). The genetic correlation between lnCIMT and waist circumference was high (q gene ¼ 0.58 (SE, 0.25); P ¼ 0.046), whereas that between lnCIMT and systolic blood pressure was of borderline statistical significance (q gene ¼ 0.38 (SE, 0.20); P ¼ 0.081). No other coronary artery disease risk factors showed evidence of a genetic correlation with either ln(CAC score þ 1) or lnCIMT. There was little evidence for shared environmental factors influencing variation in coronary artery disease risk factors and ln(CAC score þ 1) or coronary artery disease risk factors and lnCIMT, with the exception of ln(CAC score þ 1) and body mass index (q env ¼ 0.40 (SE, 0.17); P ¼ 0.013).
Ln(CAC score þ 1) and lnCIMT were modestly correlated in this sample (age-, age 2 -, and sex-adjusted r ¼ 0.14 (SE, 0.05); P ¼ 0.003). Further analyses revealed that neither genetic nor environmental correlations between these 2 traits differed significantly from zero (q gene ¼ 0.19 (SE, 0.27); q env ¼ 0.12 (SE, 0.13); P > 0.30 for both).
DISCUSSION
This study is one of the few to examine determinants of CAC quantity and CIMT in the same adult population, thus permitting a more direct comparison of the relative impact of coronary artery disease risk factors on these 2 measures. In agreement with other studies (24-27), we found that both higher CAC quantity and CIMT were associated with older age and male sex. Despite both being well-established markers of subclinical atherosclerosis and predictors of coronary artery disease events, correlation between CAC quantity and CIMT was only modest. Strikingly, we found that increased total cholesterol and low density lipoprotein cholesterol were strongly associated with high CAC, whereas higher blood pressure and body size measures were strongly associated with high CIMT. These findings strongly suggest distinct pathophysiologic mechanisms driving these 2 measures. The association we observed between CAC quantity and low density lipoprotein cholesterol has been previously Abbreviations: CAC, coronary artery calcification; CI, confidence interval; CIMT, carotid artery intima-media thickness. a Top 20th percentile of the CAC (and CIMT) distribution was defined on the basis of residualized ln(CAC score þ 1) and lnCIMT values following adjustment for age and sex effects (refer to the text for further information).
b Interpreted as the percentage change in the odds of being in the highest quintile (20%) of the CAC or CIMT distribution associated with a change in risk factor of the specified size. For example, a 3-kg/m 2 increase in body mass index is associated with a 6% increase in the odds of being in the top quintile of CAC and a 20% increase in the odds of being in the top quintile of CIMT. Odds ratios can be compared between CAC and CIMT for the same risk factor but cannot be compared across different risk factors. 
Coronary Artery Disease Risk Factor Figure 1 . Heritability of quantity of coronary artery calcification (ln(CAC score þ 1)), adjusted for age, age 2 , age 3 sex, and age 2 3 sex, with further adjustment for other coronary artery disease risk factors, among Old Order Amish study subjects from Lancaster County, Pennsylvania, 2000-2006. BMI, body mass index; CHOL, total cholesterol; DBP, diastolic blood pressure; HDL-C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; PP, pulse pressure; SBP, systolic blood pressure; TG, triglycerides; Waist, waist circumference. Each vertical line and centered box represents heritability (standard error). 
Heritability of CIMT Coronary Artery Disease Risk Factor Figure 2 . Heritability of common carotid artery intima-media thickness (lnCIMT), adjusted for age, age 2 , age 3 sex, and age 2 3 sex, with further adjustment for other coronary artery disease risk factors, among Old Order Amish study subjects from Lancaster County, Pennsylvania, 2000-2006. BMI, body mass index; CHOL, total cholesterol; DBP, diastolic blood pressure; HDL-C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; PP, pulse pressure; SBP, systolic blood pressure; TG, triglycerides; Waist, waist circumference. Each vertical line and centered box represents heritability (standard error).
reported in many (15, 18, 24, 25, 28, 29) , but not all (30, 31) , studies. In perhaps the largest study so far, Allison and Wright (31) reported only a modest correlation between CAC quantity and low density lipoprotein cholesterol (r ¼ 0.055, P < 0.001). The associations observed between CIMT and measures of body size and blood pressure have also been reported by others (32, 33) .
Our study extends what was previously reported by suggesting that correlations observed between CAC quantity and low density lipoprotein cholesterol and between CIMT and body size and blood pressure may be partly due to effects of genes that jointly influence variation in both sets of traits. Evidence for some shared genes influencing variation in both CAC quantity and low density lipoprotein cholesterol levels comes from 2 sources. First, the residual heritability of CAC quantity was 0.42 in this sample but decreased by 24% after adjustment for low density lipoprotein cholesterol (and by 19% after adjustment for total cholesterol); in contrast, there was little decrease with adjustment for any other coronary artery disease risk factors. Second, the formal analysis of pleiotropy provided evidence for a statistically significant genetic correlation between CAC quantity and low density lipoprotein cholesterol (as well as total cholesterol), implying shared genetic effects on both traits.
We also observed significant evidence for an environmental correlation between CAC quantity and body mass index (q env ¼ 0.40, P ¼ 0.013), suggesting that some shared, unmeasured environmental factors jointly influence variation in these traits. Physical activity and dietary preferences are possible joint contributors, as suggested by Cassidy et al. (34) , who showed that low-risk individuals have greater progression of CAC quantity if they are overweight versus underweight or of normal weight (34) . Others have similarly reported that CAC quantity in adults was significantly associated with childhood weight and body mass index (33) .
Our analyses provided evidence for some shared genes influencing variation in both CIMT and waist circumference and, to a lesser extent, both CIMT and systolic blood pressure. First, the residual heritability of CIMT, initially estimated at 0.29, was modestly reduced when adjusted for blood pressure. Second, modest evidence for pleiotropy was detected by the estimates of genetic correlations between CIMT and waist circumference and between CIMT and systolic blood pressure. Our results are similar to those from previous studies of middle-aged or elderly individuals showing a direct, positive relation between increased body mass index and increased CIMT (34) (35) (36) (37) (42)), although slightly lower (43, 44) and higher (45) (46) (47) estimates have also been reported from other populations. Whether the genetic contribution to variation in CAC quantity and/or CIMT is stronger in families enriched with early coronary artery disease or coronary artery disease risk factors is an interesting and important question but one that we were unable to address in our study.
As reported in previous studies (2-4), we also found a modest correlation between CAC quantity and CIMT (r ¼ 0.14; P ¼ 0.003) after adjustment for age and sex variation, which remained after adjustment for additional risk factors (data not shown). In the context of this relatively weak correlation, there was little evidence for joint genetic effects influencing variation in both traits.
A primary strength of our study is that the Old Order Amish share a socially and environmentally homogeneous lifestyle, and they tend to have large families, which allowed for estimation of pleiotropy. In addition, their lower medication and tobacco usage compared with that of the general US population enabled us to estimate associations among CAC quantity, CIMT, and coronary artery disease risk factors with less confounding or effect modification due to these behaviors. A limitation of our study was that we measured only common CIMT. Assessment of the intima-media thickness of the internal carotid artery and/or the carotid bifurcation might provide additional useful information. Our study was underpowered to examine the relation of CAC quantity and CIMT with coronary artery disease risk factors separately in men and women. Finally, generalization of our findings to other European, American, and ethnic populations with more diverse lifestyles should be attempted cautiously.
Although the differential pattern of risk factor associations with CAC quantity and CIMT observed in our study and others provides important insights into the pathogenesis of these 2 processes, these differences also have important clinical implications in terms of monitoring of disease progression. Specifically, these results emphasize that choice of outcome to be used for monitoring (e.g., CAC quantity or CIMT) should be tied to the particular coronary artery disease risk factors to be targeted by the intervention or treatment.
In summary, CAC quantity and CIMT represent noninvasive measures of subclinical disease in different vascular beds and different pathologic processes involved in atherosclerotic disease. Although both are predictive of coronary artery disease events, they are associated with different risk factors and do not appear to share common genes. Furthermore, our results suggest that genes influencing lipid metabolism might be good candidates for CAC quantity and that genes influencing body size and blood pressure variation might be good candidates for CIMT. Additional studies are being pursued to identify the specific genes that influence CAC quantity and CIMT in the Old Order Amish.
